New chemotherapeutics are urgently needed to combat malaria. We previously reported on a novel series of antimalarial, ethylenediamine-based inhibitors of protein farnesyltransferase (PFT). In the current study, we designed and synthesized a series of second generation inhibitors, wherein the core ethylenediamine scaffold was varied in order to examine both the homology model of Plasmodium falciparum PFT (PfPFT) and our predicted inhibitor binding mode. We identified several PfPFT inhibitors (PfPFTIs) that are selective for PfPFT versus the mammalian isoform of the enzyme (up to 136-fold selectivity), that inhibit the malarial enzyme with IC 50 values down to 1 nM, and that block the growth of P. falciparum in infected whole cells (erythrocytes) with ED 50 values down to 55 nM. The structure-activity data for these second generation, ethylenediamine-inspired PFT inhibitors were rationalized by consideration of the X-ray crystal structure of mammalian PFT and the homology model of the malarial enzyme.
Introduction
Malaria is an infectious disease, prevalent primarily in the tropics and subtropics. With as many as 300-500 million cases reported each year, malaria causes between 1 and 3 million deaths annually, approximately 90% of which occur in Africa. 1, 2 Unfortunately, malaria mortality is increasing, especially in the highest risk group, African children. 3 There are a number of likely reasons for this increase, the most important of which is increased resistance of malaria parasites to existing drugs. [4] [5] [6] There is now a general consensus that new antimalarials are urgently needed. 7 Transmitted by mosquitoes of the genus Anopheles, four species of the protozoal parasite Plasmodium are known to cause malaria in humans, namely falciparum, ViVax, malariae, and oVale. Of these, P. falciparum a is the most virulent, and malaria mortality is almost exclusively attributable to infection by this species. 1, 7 Chloroquine, which is believed to disrupt heme polymerization, is one of the cheapest and most widespread drugs for malaria chemotherapy. However, P. falciparum has developed considerable resistance to chloroquine and to other antimalarial drugs, such as mefloquine and sulfadoxime/pyrimethamine, 6, 7 and in those countries that are affected most seriously, existing alternative chemotherapeutics are virtually unaffordable. Of significant concern is the identification of multidrug resistant strains of P. falciparum. 5 The development of drug resistance is not the only cause of the increasing spread of malaria. Other factors also contribute to this worsening scenario, such as the resistance of the Anopheles mosquito to the pesticide DDT, the migration of refugee populations, and an ever-warming climate. 8 The associated increase in malaria mortality has accelerated research into new antimalarial drugs, to disrupt not only conventional targets, such as heme polymerization, but also more novel targets, such as the biochemical pathways of fatty acid biosynthesis and mevalonate-independent isoprenoid biosynthesis. 5 We believe that exploitation of these alternative targets will fast become essential, owing to the existence of multidrug resistant strains of P. falciparum coupled with the observation that the parasite readily mutates to develop resistance to new drugs (designed for conventional targets). 5 Since the economic reality of the effective treatment of malaria is beyond the means of Third World countries, where this disease is most prevalent, this raises the need for inexpensive chemotherapeutics. Subsequently, while it is acknowledged that the majority of the cost of a new therapeutic lies in its clinical trials, to minimize the cost at the drug development stage and to expedite access to new antimalarials, there has been considerable research into the possible antimalarial activity of drugs designed for other diseases in a so-called "piggy-back" approach. [9] [10] [11] [12] [13] [14] Mammalian protein farnesyltransferase (PFT) is a key target for the antagonism of oncogenic Ras activity that is found in around 30% of human cancers, 15 and a number of protein farnesyltransferase inhibitors (PFTIs) have shown antitumor activity, having progressed to phase II/III in clinical trials. 16 PFT, a member of the prenyltransferase family, is one of three closely related heterodimeric zinc metalloenzymes (the others being the protein geranylgeranyltransferases I and II, PGGT-I and PGGT-II, respectively) that are important post-translational modification enzymes, catalyzing protein prenylation and subsequent membrane association. 17 PFT catalyzes the transfer of a C15 isoprenoid (farnesyl) unit from farnesylpyrophosphate (FPP) to the free thiol of a cysteine residue within a specific CaaX tetrapeptide sequence, located at the C-terminus of the substrate protein (e.g., RasGTPase), where a ) an aliphatic amino acid and X (which contributes to substrate specificity) ) M, S, A, or Q. Chakrabarti et al. have identified prenylated proteins and associated prenyltransferase activity in P. falciparum and confirmed the viability of P. falciparum protein farnesyltransferase (PfPFT) as a new antimalarial target. 9, 18 Upon administration of mammalian-designed anticancer PFTIs to P. falciparum-infected erythrocytes, a reduction in the cellular levels of farnesylated proteins was observed coupled with lysis of the parasites. 13, 18 More recently, Van Voorhis and co-workers have identified two P. falciparum mutants, each with single amino acid substitutions (Y837C 19 and G612A 20 ) in PfPFT that map to the predicted inhibitor binding site, which show resistance to tetrahydroquinoline (THQ)-based PfPFT inhibitors both in vitro and in whole cells, further supporting PfPFT as the target for antimalarial activity. 19, 20 We 10, [21] [22] [23] and others 14 have successfully adopted this "piggy-back" approach with several series of anticancer PFTIs and observed antimalarial activity in every case. 10, [21] [22] [23] Notably, in animal studies we have cured rats infected with malaria via oral dosing of our PFTtargeted THQ-based inhibitors, 24 while Schlitzer et al. have cured mice infected with malaria by intraperitoneal injection of their benzophenone-based PFTIs.
14 The now-complete genome of P. falciparum indicates an apparent lack of 25 suggesting that no alternative protein prenylation can occur upon PfPFT inhibition, which may explain the observation that PFTIs have been found to be significantly more toxic to plasmodial cells than to mammalian cells. 13 Indeed, if PFTIs are to be effective antimalarials, plasmodium selectivity may be required, since the antiproliferative nature of PFTIs may preclude or at least restrict their use in children and pregnant women, the main target groups in malaria therapy.
Using the sequence alignment of PfPFT on the template crystal structure of rat PFT complexed with the nonsubstrate tetrapeptide inhibitor CVFM and the cosubstrate FPP, we have developed a homology model of the active site of PfPFT. 19, 26 This model reveals a large (∼20 × 20 × 20 Å
3 ), open, and predominantly hydrophobic cavity, with FPP extending across the cavity base, itself forming part of the binding surface for the enzyme substrate. Further inspection of the active site homology model indicates that there are four subpockets. In the first, the Zn(II) ion is chelated by three residues (Cys661, Asp659, His838), with a water molecule hydrogen-bonded between the terminal phosphate of FPP and Asp659, defining the limit of the Zn binding domain. Second and third are two well-defined, predominantly hydrophobic subpockets (Lys149, Asn317, Ser150, Phe151, where Asn317 and Ser150 form a hydrophilic domain at the deepest point; and Trp456, Trp452, Tyr837). The fourth subpocket is a larger hydrophilic domain formed by Arg564 and three water molecules participating in a hydrogen-bonded network between Ser449 and Gln152. We have previously reported on a series of ethylenediamine-based inhibitors that were predicted to allow simultaneous access to the four subpockets within the PfPFT active site. 26, 27 Lead inhibitors displayed excellent activity in vitro (IC 50 < 1 nM) and toxicity toward cultured parasites in whole cells (ED 50 < 100 nM). Furthermore, these PFTIs represent the first antimalarials to exhibit selectivity for plasmodial over mammalian PFT (up to 145-fold selectivity). With such potent data and plasmodium PFT-isoform selectivity already achieved, the main aim of the present research was to investigate the validity of the PfPFT active site homology model, as well as the initial docking studies reported in our previous work, 26, 27 by introducing alternative scaffolds with different rigidities/flexibilities and with different nitrogen-nitrogen distances into our ethylenediaminebased inhibitors. In turn, we hoped that our findings would assist in future, potent PfPFT inhibitor design.
First, we illustrate the scaffold modifications that we chose to investigate and then comment on their abilities to dock in the PfPFT active site homology model using the computer modeling program GOLD. 28 We describe the syntheses of these novel inhibitors and then present in vitro PfPFT inhibition data, as well as two sets of whole cell data of erythrocytes infected with either the 3D7 (chloroquine-sensitive) or the K1 (chloroquine-resistant, pyrimethamine-resistant) strain of P. falciparum. To conclude the manuscript, we utilize our computational and experimental data to present quantitative structure-activity relationship (QSAR) models of PfPFT and discuss their implications.
Design
Previous research identified that our most potent ethylenediamine-based inhibitors were functionalized as in 1 and where varying the R group proved critical to inhibitor potency. As reference compounds, we selected five derivatives of 1 with the following R groups:
The ethylenediamine-alternative scaffolds selected to test both our predicted inhibitor binding mode and the PfPFT active site homology model are illustrated in Figure 1 . These fall into three categories with respect to their rigidities/flexibilities relative to the ethylenediamine scaffold (1) . The first category possesses only 1,3-diaminopropane (2), which is acyclic and, with the additional methylene group, more flexible than ethylenediamine. The second category includes gem-dimethylethylenediamine (3), 2-aminoethanamide (4), and 3-aminopropanamide (5), which are acyclic and more rigid than ethylenediamine. The third category incorporates (()-cis-1,2-diaminocyclopentane (6) and (()-trans-1,2-diaminocyclopentane (7), (()-cis-1,3-diaminocyclopentane (8) and (()-trans-1,3-diaminocyclopentane (9) , and (()-cis-1,4-diaminocyclohexane (10) and (()-trans-1,4-diaminocyclohexane (11) , all of which are cyclic and more rigid than ethylenediamine and exhibit gradually increasing distances between the scaffold nitrogens. The corresponding rigid (()-cis-and (()-trans-1,2-diaminocyclobutanes and the (()-cis-and (()-trans-1,2-diaminocyclopropanes were deemed too unstable because of the "push-pull effect" and were not investigated. 29 Computational docking experiments were performed using the GOLD 3.1 software package. 28 First, InsightII 30 was used to draw structures (R ) Bn), energy-minimize them and to prepare our homology model of the active site of PfPFT for use in GOLD. Novel ligands were assumed to maintain a similar binding mode to that hypothesized for 1a; 26, 27 the two imidazole rings and the cyanoaniline were loosely constrained to their associated binding pockets for each compound (for full details, see Experimental Methods). Visualization of GOLD low energy docked poses was performed with InsightII. In all figures presented (Figure 2 and Supporting Information Figures 1-8) , the binding site of PFT has been surfaced, in which the enzyme cosubstrate farnesylpyrophosphate (FPP) forms part of that binding surface.
The GOLD docking studies predicted that many of these alternative scaffolds should not be as well tolerated as the parent ethylenediamine scaffold in the active site of PfPFT (Figure 2 and Supporting Information Figures 1-8 . As Supporting Information Figure 1 illustrates, the 1,3-diaminopropyl scaffold (inhibitor 2a) is accommodated well in the active site, although the extra methylene appears to require the inhibitor to buckle in order to allow all four N-substituents to reach their predicted subpockets. We anticipated that inhibitors derived from this scaffold may bind PfPFT well but not as potently as the parent ethylenediamine-based inhibitors. As expected, docking of the gem-dimethylethylenediamine-based inhibitor (Supporting Information Figure 2, inhibitor 3a) illustrates that all four subpockets can be reasonably accessed by the four N-derivatives in much the same way as the parent ethylenediamine scaffold, suggesting that these compounds may be potent inhibitors of PfPFT. While the amide-based scaffolds (Supporting Information Figure 3 , inhibitor 4a) are also predicted to bind well, the constraints we imposed in the GOLD docking experiments have ) of inhibitors loosely constrained to the predicted binding mode of 1a. 26, 27 Docked inhibitors are colored by atom type and are overlaid by the predicted docking pose of 1a in yellow. Farnesylpyrophosphate (FPP) is shown in red. Hydrophobic surface residues are colored red, hydrophilic residues and structural waters are blue, and the Zn 2+ ion is pink: (A) 1a docked alone; (B) (()-6a overlaid with 1a; (C) (()-9a overlaid with 1a.
caused the increase in hydrophilicity of the core scaffold to be ignored, which may lead to an erroneous result due to the hydrophobic environment in which the inhibitor scaffold is predicted to bind. The rigid cis-1,2-( Figure 2B inhibitor 6a) , trans-1,2-(Supporting Information Figure 4 , inhibitor 7a), and cis-1,3-diaminocyclopentyl scaffolds (Supporting Information Figure 5 , inhibitor 8a), and the cis-1,4-diaminocyclohexyl (Supporting Information Figure 7 , inhibitor 10a) scaffold do not fit well in the active site because of their constrained structures that prevent simultaneous access by all four Nsubstituents into the four subpockets. These observations suggest that compounds with these scaffolds may be poor inhibitors of PfPFT. On the other hand, trans-1,3-diaminocyclopentyl-( Figure 2C , inhibitor 9a) and trans-1,4-diaminocyclohexyl-(Supporting Information Figure 6 , inhibitor 11a) derivatives appear to be reasonably well accommodated, so we predicted these inhibitors may bind well to PfPFT. However, the increasing scaffold nitrogen-nitrogen distance may prove detrimental with bulkier R groups.
We hypothesized that if a structure with a diamino-based scaffold (whose nitrogens have been functionalized with four previously optimized groups) is loosely constrained to our predicted binding mode and subsequently docks well in the active site homology model, then that structure should bind well experimentally. In turn, this should be reflected by potent enzyme inhibition data. Conversely, structures that are predicted to bind less well should be poorer inhibitors. By testing this hypothesis over a range of different scaffolds that modulate the inhibitors' abilities to simultaneously access all four predicted binding subpockets within the PfPFT active site, we should be able to garner enough information to develop a quantitative structure-activity relationship (QSAR) model and thereby validate both our predicted inhibitor binding mode and the homology model itself. It is our hope that this information will assist in future PfPFT inhibitor design. Chemistry 1,3-Diaminopropane-Based Inhibitors (2a-e). These inhibitors were prepared as in was converted to its THP ether derivative (with dihydropyan (DHP) and catalytic pyridinium p-toluenesulfonate (PPTS)), after which the Cbz protecting group was removed under standard hydrogenolytic conditions (H 2 and 10% Pd/C) to furnish primary amine 13. Nucleophilic aromatic substitution of 13 with p-fluorobenzonitrile, followed by Nalkylation of secondary aniline 14 with 5-chloromethyl-1-methyl-1H-imidazole · HCl (15) under optimized conditions gave tertiary aniline 16 in a yield of 81% (or 97% based on recovered starting material (brsm)). Acid-catalyzed methanolysis of the THP protecting group furnished primary alcohol 17, which was coupled to the secondary sulfonamides 19a-e (prepared as described in Schemes 2 and 3) under Mitsunobu conditions, employing diisopropyl azodicarboxylate (DIAD)/triphenylphosphine (PPh 3 ) as the redox system, to give PfPFT inhibitors 2a-e in excellent yields. Due to the success of the Mitsunobu reaction coupled with its convergent effect on the overall syntheses of these 1,3-diaminopropane-based PfPFTIs, we designed syntheses of the remaining PfPFTIs that also incorporated Mitsunobu as the final step.
Sulfonamides for Mitsunobu Reactions (19a-e, 21). The secondary sulfonamides 19a-d required for the Mitsunobu reactions (e.g., step f in Scheme 1) were prepared in simple one-step procedures from 1-methyl-1H-imidazole-4-sulfonyl chloride (18) and the respective primary amines in yields ranging from 81% to 93% (Scheme 2). Due to the unavailability of N-(2-pyrimidinyl)-4-aminomethylpiperidine and the need for the more acidic sulfonamide 21 in the synthesis of 3-aminoethanamide derivatives 5a and 5d as well as the trans-1,2-diaminocyclopentyl derivatives 7a-e, sulfonamide 19e was prepared by a different route (Scheme 3). Accordingly, treatment of 19a with Boc 2 O led to the fully derivatized sulfonamide 20 in quantitative yield. Subsequent hydrogenolysis of 20 furnished N-tertbutoxycarbonyl-1-methyl-1H-imidazole-4-sulfonamide (21) , whose NH was expected to have a lower pK a than that of simple N-alkyl secondary sulfonamides, such as 19a, whose pK a values are just on the cusp (pK a ≈ 12) of acidic nucleophiles (NuH) allowed in the Mistunobu reaction. The enhanced acidity of 21 was subsequently found to resolve troublesome Mitsunobu reactions (see sections on the syntheses of 5a,d and 7a-e). Additionally, compound 21 was successfully coupled to N-(2-pyrimidinyl)-4-hydroxymethylpiperidine, giving 22, which, after Boc deprotection with TFA, yielded sulfonamide 19e in an excellent two-step yield of 92%. 
gem-Dimethylethylenediamine-Based Inhibitors (3a-e).
The hindered gem-dimethylethylenediamine derivatives 3a-e were furnished as shown in Scheme 4. Nucleophilic aromatic substitution of 2-amino-2-methylpropan-1-ol (23) with pfluorobenzonitrile in a sealed vessel at 180°C for 48 h afforded 24 in 40% yield. Attempted chemoselective benzylation of the primary hydroxyl of 24 with NaH and BnBr led to a mixture of products. However, alternative protection of the alcohol with tert-butyldiphenylsilylchloride (TBDPSCl), employing imidazole (Im) as base and nucleophilic catalyst, gave the desired compound 25 in excellent yield. The zinc-binding imidazole group was next installed by treatment of secondary aniline 25 with NaH at 0°C followed by addition of 5-chloromethyl-1-methyl-1H-imidazole · HCl (15) as before to furnish tertiary aniline 26. Quantitative deprotection of the TBDPS group with tetra-n-butylammonium fluoride (TBAF) was observed, and the resultant primary alcohol was condensed with the five sulfonamides 19a-e under Mitsunobu conditions at 45°C to afford the final PfPFTIs 3a-e in 50-68% yields.
2-Aminoethanamide-Based Inhibitors (4a, 4d) and 3-Aminopropanamide-Based Inhibitors (5a, 5d). Due to earlier findings that incorporation of an amide bond into the inhibitor scaffold is not tolerated, 31 we decided to make just two derivatives of each amide-containing scaffold, with a small (a, R ) Bn) and a large (d, R ) N-Boc-piperidin-4-ylmethyl) R group. The syntheses of these 2-aminoethanamide-(4a, 4d) and 3-aminopropanamide-based PfPFT inhibitors (5a, 5d) are presented in Scheme 5 and are described in full in Supporting Information.
(()-cis-1,2-Diaminocyclopentane-Based Inhibitors ((()-6a-e) and (()-trans-1,2-Diaminocyclopentane-Based Inhibitors ((()-7a-e). The (()-cis-1,2-diaminocyclopentyl-based inhibitors (()-6a-e were furnished by following the synthetic steps described in Scheme 6. Racemic (()-trans-2-benzyloxycyclopentylamine ((()-36) was arylated with p-fluorobenzonitrile, using an excess of the aryl fluoride to compensate for reduced reactivity due to steric hindrance. N-Alkylation of the resultant secondary aniline (()-37 with 15 as before furnished (()-38 in a moderate yield of 56% (or 89% brsm), which was then smoothly debenzylated under optimized conditions (1 atm of H 2 , catalyst 10% Pd/C, 0.5% concentrated HCl in EtOH (v/ v), 1 h) to furnish secondary alcohol (()-39. The proposed final step in this synthesis, Mitsunobu reaction of (()-39 with the secondary sulfonamides 19a-e, proved unsuccessful, leading to elimination rather than substitution, presumably due to the sterically encumbering tertiary amine and/or the low acidities of the sulfonamides (pK a ≈ 12) that places them at the uppermost limit of allowed nucleophiles for the Mitsunobu reaction. However, even with the more acidic sulfonamide 21 (Scheme 3), we again observed only elimination. Likewise, alternative, more powerful Mitsunobu redox systems such as N,N,N′,N′-tetramethylazodicarboxamide (TMAD)/tri-n-butylphosphine (TBP) and cyanomethyl-tri-n-butylphosphorane (CMBP) proved fruitless. We next considered the steric hindrance in the desired transformation and found that Mitsunobu reaction of (()-39 with diphenylphosphorylazide (DPPA), which involves the smaller and linear azide ion as the nucleophile, was more successful. These conditions led to a 3:2 inseparable mixture of the azide (substitution) product (()-40a, wherein the usual inversion of stereochemistry had occurred, and the alkene (elimination) product (()-40b. Staudinger reduction of azide (()-40a in the mixture led to the anticipated increase in polarity, enabling facile separation from alkene (()-40b and furnishing primary amine (()-41 in a yield of 56% for the two steps. Subsequently, sulfonylation of (()-41 afforded secondary sulfonamide (()-42 in good yield, which was then alkylated with a series of bromides (or iodides) to give the (()-cis-1,2-diaminocyclopentyl PfPFT inhibitors (()-6a-e in poor to good yields. Importantly, for the two benzylic and thiophen-3-ylmethyl bromides, this reaction had to be performed under dilute (0.01 M) conditions to reduce the facile quaternization In order to prepare the corresponding trans analogues, (()-39 was reacted with p-nitrobenzoic acid under Mitsunobu conditions (Scheme 7), which again led to an approximate 3:2 mixture of ester (substitution product) and alkene (elimination product). No attempt at purification was made at this stage, and LiOH · H 2 O was added directly to the reaction mixture. After 3 h, the ester hydrolysis was complete. Purification of the reaction mixture gave the cis product (()-43 in 39% yield for the two steps, whose inverted stereochemistry was evident from the comparison of 1 H NMR spectra of (()-39 and (()-43. Again, the subsequent Mitsunobu reaction with secondary sulfonamide 19a was unfruitful. However, reaction with the alternative sulfonamide 21 was a success, likely due to a combination of the increased acidity of 21 relative to the other sulfonamides 19a-e and reduced steric hindrance in the substitution step of the Mitsunobu reaction. Silica gel flash column chromatography furnished (()-44 in approximately 90% purity, 
Scheme 6
a a (a) p-Fluorobenzonitrile, DIPEA, DMSO, 120°C, 24 h, 87%; (b) (1) NaH, DMF, 0°C, 30 min; (2) 15, 0°C f rt, 3 h, 56% (or 89% brsm); (c) H2, 10% Pd/C, 0.5% conc HCl, EtOH, rt, 1 h, 87%; (d) PPh 3, DIAD, DPPA, THF, 0°C f rt, 16 h; (e) (1) PPh3, THF, rt, 1 h; (2) H2O, 65°C, 7 h, 56% (combined yield for steps d and e); (f) 18, DIPEA, CH 3CN, 0°C f rt, 16 h, 75%; (g) RBr (or RI), Cs2CO3, DMF, rt, 16 h to 7 days, 22-81%. and subsequent removal of the Boc group with TFA, followed by the usual purification, generated pure secondary sulfonamide (()-45 in a yield of 63% for the two steps. Finally, alkylation of sulfonamide (()-45 with the five bromides as before gave the final (()-trans-1,2-diaminocyclopentyl PfPFT inhibitors (()-7a-e in good yields.
(()-cis-1,3-Diaminocyclopentane-Based Inhibitors ((()-8a-e) and (()-trans-1,3-Diaminocyclopentane-Based Inhibitors ((()-9a-e). The 1,3-diaminocyclopentyl inhibitors (()-
8a-e and (()-9a-e were prepared as shown in Scheme 8. After quantitative O-silylation of hepta-1,6-dien-4-ol (46) with TBDPSCl, the cyclopentane scaffold was constructed by treatment with Grubbs's catalyst to give 48. Subsequent oxidation with m-CPBA in CH 2 Cl 2 gave cis epoxide 49 and trans epoxide 50 in an approximate 1:1 ratio, in a combined yield of 84%. Reductive opening of the epoxide ring of 49 with H 2 and a range of catalysts, including 10% Pd/C, Pd(OH) 2 , or PtO 2 , were all attempted but were very slow even at pressures of up to 70 psi of H 2 . Alternative treatment with LiAlH 4 was successful, furnishing racemic (()-51 in 93% yield. On the other hand, while executing the reductive opening of the epoxide ring of diastereomeric compound 50, LiAlH 4 also caused the surprising removal of the TBDPS protecting group to give (()-transcyclopentane-1,3-diol ((()-56) in 84% yield. Nucleophilic aromatic substitution test reactions of the primary amino analogue of (()-51, specifically 1-tert-butyldiphenylsilyloxy-2-aminocyclopentane, with p-fluorobenzonitrile, led to removal of the silicon protecting group, presumably by the action of liberated fluoride ion, and subsequent O-arylation. Therefore, single re-silylation of (()-56 was not attempted; monobenzylation of (()-56 under phase transfer conditions was instead effected to give (()-57 in excellent yield.
In order to keep the two syntheses, which were already being conducted in tandem, as similar as possible, we executed a twostep protecting group exchange on O-TBDPS derivative (()-51 to give O-benzyl compound (()-52 (95%, two steps). Mitusnobu conditions effected conversion of the hydroxyl of (()-52 to the inverted azide whose reduction to primary amine (()-53 was accomplished with PPh 3 and water (Staudinger reaction). Nucleophilic aromatic substitution of (()-53, followed by N-alkylation as before gave tertiary aniline (()-54, which was then subjected to optimized hydrogenolytic cleavage conditions to furnish secondary alcohol (()-55 in a yield of 83%. Finally, coupling of (()-55 to the series of secondary sulfonamides 19a-d with PPh 3 and DIAD proceeded in poor to good yields to afford the (()-trans-1,3-diaminocyclopentyl PfPFT inhibitors (()-8a-d. Due to the limited solubility of sulfonamide 19e and the already low yields for this final Mitsunobu step, compound 8e had to be prepared in the same manner as that used to prepare the trans-1,2-diaminocyclopentane-based inhibitors. Specifically, (()-55 was coupled to sulfonamide 21 under standard Mitsunobu conditions, after which the Boc group was removed by TFA, and then the resultant secondary sulfonamide was alkylated with N-(2-pyrimidinyl)-4-iodomethylpiperidine, furnishing (()-8e. For the syntheses of the (()-trans-1,3-diaminocyclopentyl PfPFT inhibitors (()-9a-e, the synthetic transformations were identical from (()-57, as depicted in Scheme 8.
(
()-cis-1,4-Diaminocyclohexyane-Based Inhibitors ((()-10a, (()-10d) and (()-trans-1,4-Diaminocyclohexane-Based Inhibitors ((()-11a, (()-11d). Scheme 9 illustrates the synthetic steps pursued in order to furnish the (()-cis-1,4-((()-10a, (()-10d) and the (()-trans-1,4-diaminocyclohexyl ((()-11a, (()-11d)
PfPFT inhibitors, for which only the R ) Bn and R ) N-Bocpiperidin-4-ylmethyl derivatives were prepared. (()-cis-1,4-Diaminocyclohexane ((()-61) was mono-arylated with p-fluorobenzonitrile in 77% yield to give (()-62, which was then sulfonylated with 1-methyl-1H-imidazole-4-sulfonyl choride (18) to furnish 63. Chemoselective alkylation of the sulfonamide NH with benzyl bromide and N-Boc-4-bromomethylpiperidine was accomplished without incident, affording (()-64a and (()-64d, respectively. Finally, the secondary anilines were alkylated with 15 to yield the target PfPFT inhibitors (()-10a and (()-10d in moderate yields, where the mass balance was recovered starting material. Starting from (()-trans-1-tert-butoxycarbonylamino-4-aminocyclohexane ((()-65), the trans isomers (()-11a and (()-11d were furnished in a similar fashion.
Results and Discussion
Ethylenediamine-Based Inhibitors (1a-e). For comparison with the 10 series of inhibitors in this study, we present a table that includes previously published data on the corresponding ethylenediamine-based inhibitors. 26, 27 Table 1 shows percentage enzyme inhibition of PfPFT by compounds 1a-e at 50 and 5 nM inhibitor concentration. Also shown are ED 50 data, which are the required inhibitor concentration to inhibit 50% of the growth of parasites (two strains of P. falciparum: 3D7 and K1) in whole cells (erythrocytes), as determined through the incorporation of tritium-labeled hypoxanthine (see Experimental Methods for details). As indicated in Table 1 , all inhibitors exhibited potent inhibition of PfPFT in vitro (g74% inhibition at 5 nM) and proved highly effective antimalarials in whole cells (several ED 50 values <100 nM).
1,3-Diaminopropane-Based Inhibitors (2a-e).
By comparison of the percentage enzyme inhibition data for the 1,3-diaminopropane-based inhibitors (Table 2) with the corresponding data for the ethylenediamine scaffold derivatives (Table 1) , compounds 2a, 2b, and 2c were all much poorer inhibitors of PfPFT. However, with the larger N-Boc-piperidin-4-ylmethyl (2d) and N-(2-pyrimidinyl)-piperidin-4-ylmethyl derivatives (2e), inhibition of the enzyme was almost the same as that for the corresponding ethylenediamine derivatives (e.g., 2d, 73% inhibition at 5 nM, vs 1d, 81% inhibition at 5 nM), suggesting that the reduction in activity caused by the additional methylene in the scaffold may have been offset by incorporating a large R group. Indeed, compound 2d was an especially potent inhibitor of PfPFT, with an IC 50 of 1 nM (Table 7) . ED 50 data reflect the variation in PfPFT inhibitor potency, supporting inhibition of PfPFT as the target for antimalarial activity, with 2d proving the most effective antimalarial of this series in whole cells (ED 50 ) 330 nM (3D7), 190 nM (K1)). A low energy docked conformation of 2a overlaid with that of 1a (Supporting Information Figure 1 ) suggested that the ethylenediamine-based derivative should be a much better fit in the homology model of the PfPFT active site and that 2a with its extra methylene unit in the scaffold should be too long to bind as well as 1a, requiring a degree of buckling of the scaffold to enable simultaneous access of the four N-appendages into the four subpockets. This prediction appears to have been confirmed experimentally, particularly in the case of the smaller R group derivatives.
gem-Dimethylethylenediamine-Based Inhibitors (3a-e). Discounting thiophene 3c, the gem-dimethylethylenediamine scaffold derivatives (Table 3) were as potent, if not more so, as the corresponding ethylenediamine compounds (e.g., 3a, 88% inhibition, vs 1a, 86% inhibition at 5 nM; and 3e, 93% inhibition, vs 1e, 74% inhibition at 5 nM). Especially potent whole cell activity, such as ED 50 ) 160 nM (3D7) and 55 nM (K1) for 3a, parallels potent enzyme inhibition data in most cases, again supporting PfPFT as the relevant target for antimalarial activity. Indeed, 3a is one of our most potent, ethylenediamine-inspired antimalarials to date, and the improved whole cell activity relative to 1a (ED 50 ) 349 nM (3D7) and 375 nM (K1)) may be a consequence of the increased hydrophobicity of the scaffold, facilitating cellular entry. GOLD docking studies (Supporting Information Figure 2 ) suggested that these gem-dimethylethylenediamine-based inhibitors should be tolerated in the PfPFT active site as well as the parent ethylenediamines, and this has been supported experimentally. The reason for the increased potency of the gem-dimethylethylenediamine-based 3e in vitro may be due to additional hydrophobic contacts between the extra methyls of the inhibitor and the scaffold-binding region of the active site or to improved contacts of the p-cyanoaniline as a direct consequence of the Thorpe-Ingold effect 32 or to a combination of both effects. Inhibitors (4a,d and 5a,d) . All the amide derivatives (4a,d and 5a,d) ( Figure 3 ) showed 0% enzyme inhibition at 50 nM and were not studied further. Even though GOLD docking studies suggested that these derivatives would be reasonably well accommodated in the PfPFT active site (Supporting Information Figure 3 ), we invoked several constraints that meant the increase in hydrophilicity of the scaffold would be ignored. The scaffoldbinding region of the active site is hydrophobic, so it would be expected that a compound with a polar component in the scaffold, such as an amide bond, would be poorly tolerated. In addition, the rigidity incurred upon inclusion of the planar amide bond, which we hoped to offset by the addition of an extra methylene in the scaffold (4 f 5), and the amide-induced withdrawal of electrons from the p-cyanophenyl group (a moiety that is known to contribute particular potency to our inhibitors 27 ) are two possible further reasons as to why these amide derivatives showed no inhibition of PfPFT at 50 nM.
2-Aminoethanamide-and 3-Aminopropanamide-Based
(()-cis-and (()-trans-1,2-Diaminocyclopentane-Based Inhibitors ((()-6a-e and (()-7a-e). As Table 4 shows, the (()-cis-1,2-diaminocyclopentyl-based derivatives (()-6a-e performed very poorly indeed, with little or no inhibition of PfPFT at 50 nM inhibitor concentration. Similarly, ED 50 values were disappointing; in most cases they were at least an order of magnitude worse than their ethylenediamine-based parent compounds. These results were expected, since docking studies of (()-6a in the homology model of the enzyme active site indicated that the constraint imposed by the cis 1,2-cyclic scaffold meant that only one of the two functionalized scaffold amines could project its appendages into its two predicted binding subpockets ( Figure 2B ).
On the other hand, although the trans diastereoisomers (()-7a-e (Table 4) did not perform better than the corresponding ethylenediamine-based inhibitors (Table 1) , they were more active than their cis counterparts (()-6a-e (Table 4) at both 50 and 5 nM inhibitor concentration; the most potent trans compound, (()-7d, displayed 41% enzyme inhibition at 5 nM (cf. 81% for 1d and 3% for 6d). This improvement in activity in the enzyme assay was also reflected in superior whole cell activity, with (()-7d exhibiting an ED 50 of 600 nM for K1 strain (cf ED 50 ) 1250 nM for (()-6d (K1)). These trends in the experimental results (cis-1,2-diaminocyclopentane vs trans-1,2-diaminocyclopentane vs ethylenediamine) appear to be mirrored in the GOLD docking studies. While the trans-1,2-diaminocyclopentyl derivatives were predicted (Supporting Information Figure 4 ) to be unable to simultaneously access all four subpockets as effectively as the corresponding ethylenediaminebased inhibitors, the trans derivatives ((()-7a-e) appeared to exhibit better complementarity to the active site than did their more sterically encumbered cis counterparts ((()-6a-6e). cis-and (()-trans-1,3-Diaminocyclopentane-Based  Inhibitors ((()-8a-e and (()-9a-e) . As Table 5 shows, the (()-cis-1,3-diaminocyclopentyl-based derivatives (()-8a-e were not very active PfPFT inhibitors relative to the ethylenediamine parent compounds 1a-e (Table 1) . Nonetheless, these inhibitors were more potent than the corresponding cis-1,2-diaminocyclopentyl derivatives (()-6a-e (Table 4 ) and approximately as potent as the corresponding trans-1,2-diaminocyclopentylbased inhibitors (()-7a-e (Table 4) Figure 5 ) and also that simultaneous access to the four subpockets would be more reasonable than with the isomeric but more sterically congested cis-1,2-diaminocyclopentyls (compare Figure 2B and Supporting Information Figure 5) .
(()-
As was the case with the 1,2-cyclopentyl derivatives, the trans-1,3-diaminocyclopentyl-derived inhibitors (()-9a-e were more active (Table 5) 
than their analogous cis-1,3-diaminocyclopentyl diastereomers (()-8a-e. Especially noteworthy are compounds (()-9a and (()-9d
, which were approximately as active as the corresponding ethylenediamine inhibitors: a, 93% inhibition at 50 nM for (()-9a vs 98% for 1a; d, 86% inhibition at 5 nM for (()-9d vs 81% for 1d. These potent enzyme inhibition data are reflected in potent whole cell data, such as ED 50 ) 80 nM (K1) for (()-9d, making (()-9d one of our most effective ethylenediamine-inspired antimalarials to date. These experimental findings confirm the docking studies, which suggested that the trans-1,3-diaminocyclopentyl scaffold would allow access by all four N-substituents to each of the predicted subpockets in a similar manner to the ethylenediamine scaffold and were, therefore, predicted to be good inhibitors of PfPFT ( Figure 2C ). 10a, (()-10d, (()-11a, and (()-11d) . For the cyclohexyl scaffold, we made only two derivatives of each diastereoisomer, incorporating either the small benzyl group or the larger N-Boc-piperidin-4-ylmethyl group; the percentage enzyme inhibition data and whole cell ED 50 data are shown in Table 6 . The cis-1,4-diaminocyclohexyl derivative (()-10a exhibited limited inhibition of PfPFT (23% inhibition at 50 nM), while the trans isomer (()-11a was more active (73% inhibition at 50 nM). Both isomers were less potent than the parent ethylenediamine-based inhibitor 1a, which was predicted by GOLD docking studies. In the case of (()-10a, the cis configuration of the scaffold appeared to render it difficult for both the scaffold nitrogens to deliver their appendages into the proposed binding pockets (Supporting Information Figure 6 ). Conversely, in the case of (()-11a, the trans configuration was predicted to facilitate simultaneous access to all four subpockets, although the greater interscaffold nitrogen-nitrogen distance appeared to be less optimal than for the parent inhibitor 1a (Supporting Information Figure 7) , possibly accounting for the slightly worse percentage inhibition data. N-Boc-piperdin-4-ylmethyl derivatives (()-10d and (()-11d demonstrated no inhibitory activity against PfPFT, which is likely a consequence of the large scaffold coupled with the bulky R group rendering these inhibitors too big to access the active site.
(()-cis and (()-trans-1,4-Diaminocyclohexane-Based Inhibitors ((()-
Selectivity. Previously reported PfPFT inhibitors have demonstrated poor selectivity for parasitic PFT over mammalian PFT or are highly selective for the mammalian enzyme. 9, 10, 18 Although PFT inhibitors have demonstrated limited toxicities to mammalian cells at concentrations required to effect a therapeutic response, 10 the antiproliferative nature of PFT inhibitors may restrict their use by children and pregnant women, two of the main target groups in malaria therapy. Hence, the selective inhibition of parasitic PFT may prove mandatory in order to realize safe and effective antimalarial PFT inhibitors. We previously reported on the selectivity of our ethylenediamine-based inhibitors for PfPFT over rat PFT; IC 50 values revealed several inhibitors with greater than 100-fold selectivity for the parasitic PFT. 27 The amino acid sequences of rat and human PFT are 95% identical with complete sequence and structural conservation around the active site. 33 While the aim of this research was not to design ever more Plasmodiumselective PFT inhibitors, it is worth noting that modification to the inhibitor scaffold has had no detrimental effect on PFT selectivity. Specifically, for a series of the N-Boc-piperidin-4-ylmethyl derivatives (selected as representative examples of inhibitors bearing the alternative scaffolds) greater than 100-fold selectivity for parasitic over mammalian PFT was observed (Table 7 ). In particular, compound 3d represents one of our most potent (PfPFT IC 50 ) 1.1 nM) and most selective (136-fold) PfPFT inhibitors. QSAR Models. Quantitative structure-activity relationship (QSAR) models were generated to help determine the validity of both the proposed binding mode and the PfPFT active site homology model itself. Experimental data selected were the percentage inhibition of PfPFT at 5 nM inhibitor concentration. Given the often imprecise nature of percentage inhibition data and the unavailability of multiple assay results for any given compound, care was taken to ignore any model that suggested an accuracy of greater than 90% (i.e., r 2 or q 2 > 0.9). The corresponding theoretical data for the models were obtained as follows. For the first QSAR model, docked poses of each ligand constrained to our hypothesized binding mode were used for descriptor calculations, and the resultant GOLD-Score values were included as descriptors in the modeling. Nineteen samples were randomly chosen as a training set, leaving nine samples as a test set. Further details can be obtained by consulting the Experimental Methods. As shown in Figure 4 , the training set has an r 2 value of 0.86, suggesting there is very good correlation between the observed inhibition and the predicted inhibition of PfPFT at 5 nM inhibitor concentration. Indeed, a test set of the QSAR model was found to have a q 2 value of 0.81, suggesting that this model may hold strong predictive power.
In order to further test our hypothesis regarding the proposed binding mode of these molecules to PfPFT and of the homology model itself, a second QSAR model was prepared. For this model, descriptors were calculated on the basis of molecules that had been energy minimized rather than docked, with the exception of GOLDScore derived values, which were still included but left unaltered. Also, the training and testing sets were deliberately chosen to be identical to those in the previous model rather than randomly chosen. Other than this, all operations were identical between the two models. The results of this second model are shown in Figure  5 . While similar accuracy was achieved for the training set (r 2 ) 0.86), very little predictive power was seen with the test set (q 2 ) 0.37), suggesting that this model simply memorized, rather than learned, data from the training set. Also, it suggests that there is Table 4 . Enzyme Inhibition and Whole Cell Data for (()-cis-1,2-Diaminocyclopentane-Based Inhibitors (()-6a-e and for (()-trans-1,2-Diaminocyclopentane-Based Inhibitors (()-7a-e information content in the docked poses and thus that these docked poses are reasonable. Taken together, these QSAR models inform us that our hypothesis of the proposed binding mode is sound and that the homology model is a good approximation of the active site of PfPFT.
Conclusions
We have synthesized several series of novel antimalarials incorporating a variety of scaffolds based on our previously reported ethylenediamine-derived inhibitors of PfPFT. These antimalarials were designed to allow exploration of the PfPFT active site and therein assess the validity of our predicted inhibitor binding mode and of the active site homology model itself. In turn, it was hoped that this garnered information would, in the near future, facilitate, and thereby accelerate, access to increasingly more-potent PfPFT inhibitors. Low energy docked conformations (GOLD), which were performed by loosely constraining our inhibitors to the docking pose we predicted in our previous publications, 26, 27 suggested which compounds would inhibit PfPFT well and which would not. Broadly speaking, biological evaluation of our compounds agreed with the computational docking studies, and from these data we developed two QSAR models that suggested the predicted binding mode for our inhibitors is reasonable and that the homology model we have used to design inhibitors is a good approximation of the PfPFT active site. In addition, our first QSAR model seems to have considerable predictive power and with suitable biological validation could therefore be used to design new inhibitors. Importantly, as well as proving particularly cytotoxic to cultured parasites (ED 50 < 100 nM), some of our novel antimalarial PfPFTIs reported herein are among the most potent (IC 50 ≈ 1 nM) and the most selective for parasitic PFT over mammalian PFT (up to 136-fold) currently reported in the literature.
Considering cost involved and speed and ease of synthesis, we conclude that the parent ethylenediamine-based inhibitors reported previously 26, 27 are our best antimalarials of this series thus far, and given the already high degree of selectivity over the mammalian isoform of PFT, future research should now be directed toward three goals. Inhibitor 1d is highly potent (IC 50 ) 1.2 nM), selective for parasitic over mammalian PFT (117-fold), and exhibits very good whole cell activity (ED 50 ) 88 nM (3D7), 54 nM (K1)). Therefore, we first suggest further work is undertaken on this inhibitor to improve these ED 50 values, which may be achieved by substituting the 3-methyl-3H-imidazole-4-sulfonyl group with the less basic and more hydrophobic pyridine-2-sulfonyl group, 27 for example. Second, efforts should be made toward improving the limited metabolic stability of 1d reported by us previously. 26, 27 We showed how our inhibitors were quickly oxidized upon incubation with liver microsomes, probably by cytochrome P450, followed by loss of the aniline functionalized zinc-binding imidazole. It is likely that cytochrome P450-mediated inhibitor oxidation is initiated by loss of one electron of the aniline nitrogen lone pair, followed by abstraction of a hydrogen radical from the activated methylene group between the aniline and imidazole, ultimately leading to N-dealkylation of the imidazolylmethyl moiety. As described in the manuscript by Seto et al., 34 aniline Ndealkylation can only proceed when the aniline lone pair of electrons is oxidizable and when there is at least one hydrogen on the carbon directly attached to the aniline nitrogen. Thus, improved inhibitor metabolic stability may be achieved by (a) reducing electron density on the aniline nitrogen through incorporation of additional electron-withdrawing groups on the cyanophenyl ring and/or (b) replacing the methylene unit between the aniline nitrogen and the zinc-binding imidazole with a gem-dimethyl unit. Finally, our third goal should be the investigation of the activities of our antimalarials in drugresistant strains of P. falciparum PFT (such as the Y837C strain 19 that shows resistance to BMS-388891 and the G612A strain 20 that shows resistance to BMS-339941). This research is essential not only to evaluate the potencies of our compounds in such strains but also, after preparing similar QSAR models for the mutant active sites as we did for the wild-type, to identify structural modifications that we may undertake to restore inhibitor potency where it may be needed. In this way, new antimalarial PfPFTIs that are active against drug-resistant strains of P. falciparum may be realized.
Experimental Methods
Ligand Docking Studies. Docking experiments were performed using the GOLD version 3.1 28 software package. Ligands were prepared for docking in InsightII. 30 Each ligand was drawn as a two-dimensional representation and converted to three dimensions. Ligands were subsequently energy minimized with the cvff force field. The homology model was also prepared for use in InsightII, where each residue was protonated on the basis of calculated pK a values at a pH of 7.4.
Ligands were constrained in the active site of PfPFT at three points in order to maintain the binding mode hypothesized for lead 10a and (()-10d  and (()-trans-1,4 -Diaminocyclohexane-Based Inhibitors (()-11a and (()-11d compound 1a. A single atom of each imidazole and the cyanoaniline were chosen and constrained to occupy a region of space within 1 Å of that occupied by the equivalent atoms of docked 1a. This was performed using the substructure constraint functionality of GOLD. A small spring constant was used as a penalty function such that molecules could dock in alternative conformations, but these would be discouraged. GOLD was allowed to configure the optimal genetic algorithm settings for each ligand.
QSAR Modeling. Descriptors were calculated using the MOE software package. 35 RECON TAE and RAD descriptors 36 were calculated in addition to the standard assortment of 2D descriptors in MOE. Additional descriptors included energy measurements with the MMFF94x, Amber-99, and OPLS-AA force fields. Feature selection and modeling were performed using the Analyze software package. 37 For further details, see Supporting Information. Chemistry: General Methods. Solvents CH 2 Cl 2 , THF, CH 3 CN, and DMF were dried on an Innovative Technology SPS-400 dry solvent system. Anhydrous MeOH and DMSO were purchased from Sigma-Aldrich and used directly from their Sure-Seal bottles. Molecular sieves were activated by heating to 300°C under vacuum overnight. All reactions were performed under an atmosphere of dry nitrogen in oven-dried glassware and were monitored for completeness by thin-layer chromatography (TLC) using silica gel (visualized by UV light or developed by treatment with KMnO 4 stain or Hanessian's stain). 1 H and 13 C NMR spectra were recorded on Bruker AM 400 MHz and Bruker AM 500 MHz spectrometers in either CDCl 3 , MeOH-d 4 or DMSO-d 6 . Chemical shifts (δ) are reported in parts per million after calibration to residual isotopic solvent. Coupling constants (J) are reported in Hz. Mass spectrometry (MS) was performed using electrospray ionization on either a Varian MAT-CH-5 (HRMS) or a Waters Micromass ZQ (LRMS) instrument. Before biological testing, target molecules (2a-e, 3a-e,  4a, 4d, 5a, 5d, 6a-e, 7a-e, 8a-e, 9a-e, 10a, 10d, 11a, 11d) , obtained as glassy films after silica gel flash column chromatographic purification (eluent CH 2 Cl 2 /MeOH/NH 4 OH, 192:7:1) , were subjected to further purification by reversed-phase HPLC (rpHPLC). Analysis and purification by rpHPLC were performed using either Phenonenex Luna 5 µm C18 (2) 250 mm × 21 mm column run at 15 mL/min (preparative) or a Microsorb-MV 300 Å C18 250 mm × 4.6 mm column run at 1 mL/min (analytical), using gradient mixtures of (A) water with 0.1% TFA and (B) 10:1 acetonitrile/ water with 0.1% TFA. Appropriate product fractions were pooled and lyophilized to dryness, affording the inhibitors as fluffy white powders as their TFA salts. Inhibitor purity was confirmed by analytical rpHPLC using linear gradients from 100% A to 100% B, with changing solvent composition of either (I) 4.5% or (II) 1.5% per minute after an initial 2 min of 100% A. For reporting HPLC data, percentage purity is given in parentheses after the retention time for each condition.
General Procedure A (Mitsunobu Reactions). Reaction of Primary and Secondary Alcohols with Secondary Sulfonamides.
To a stirring solution of the alcohol (1 equiv) in THF (0.07 M) (occasionally, sonication and a little warming (40°C) was required to achieve complete dissolution of the alcohol) was added the secondary sulfonamide (2.5 equiv) and PPh 3 (3 equiv). After the mixture was stirred for 15 min at room temperature, DIAD (2.5 equiv) was added dropwise. For the acyclic, primary alcohols, reactions were typically complete within 1 h; for the less reactive, cyclic secondary alcohols and hindered primary alcohols, mixtures were left stirring overnight (16 h). All solvent was removed in vacuo.
General Procedure B (Sulfonamide Alkylations). Reaction of Secondary Sulfonamides with Benzylic and Alkyl Bromides. To a stirred solution of the secondary sulfonamide (1 equiv) in DMF (0.01 M for benzylic bromide or 0.1 M for alkyl bromide) was added Cs 2 CO 3 (3 equiv). After 1 h, at room temperature, the bromide (or iodide) alkylating agent (1.1 equiv) was added dropwise. After 16 h, the reaction mixture was diluted with water and extracted into EtOAc (×3). The EtOAc extractions were combined and washed with 5% NaHCO 3 (×3) and brine, dried (Na 2 SO 4 ), filtered, and concentrated. Chloromethyl-1-methyl-1H-imidazole · HCl  (15) . The secondary aniline (1 equiv) was dissolved in DMF (0.07 M). Then the mixture was cooled to 0°C. After 15 min, NaH (3 equiv) was added in one portion. After a further 15 min, 5-chloromethyl-1-methyl-1H-imidazole · HCl 27 (15) (1.1 equiv) was added to the reaction mixture. The mixture was allowed to stir at 0°C for 2-3 h, when TLC indicated the reaction was complete or had stalled. Upon quenching the reaction with brine (approximately 1 mL), the mixture was diluted with water and extracted with EtOAc (×3). The EtOAc extractions were combined and washed with 5% NaHCO 3 (×3) and brine, dried (Na 2 SO 4 ), filtered, and concentrated.
General Procedure C (Aniline Alkylation). Reaction of Secondary Anilines with 5-
[N-Benzyl-N-3-{(4-cyanophenyl) (3-methyl-3H-imidazol-4-ylmethyl)amino}propyl]-1-methyl-1H-imidazole-4-sulfonamide (2a) . Primary alcohol 17 was coupled to secondary sulfonamide 19a on a 0.106 mmol scale via general procedure A. The crude residue was dry-loaded onto silica gel, then flash chromatographed (eluent CH 2 Cl 2 /MeOH/NH 4 OH, 192:7:1) 27.4, 34.3, 34.4, 45.8, 48.6, 49.3, 54.7, 99.8, 113.8, 118.8, 121.0, 126.6, 128.9, 129.7, 129.9, 133.1, 134.7, 137.7, 138.7, 139.3, 141.4, 151.8 ; HRMS (ES+) calcd for [C 26 H 29 N 7 O 2 S + H] 504.2182, found 504.2198; HPLC (I) t R ) 15.69 min (100%), (II), t R ) 27.81 min (100%).
[
N-(2-Methylbenzyl)-N-3-{(4-cyanophenyl)(3-methyl-3H-imidazol-4-ylmethyl)amino}propyl]-1-methyl-1H-imidazole-4-sulfonamide (2b).
Primary alcohol 17 was coupled to secondary sulfonamide 19b on a 0.137 mmol scale via general procedure A. The crude residue was dry-loaded onto silica gel, then flash chromatographed (eluent CH 2 Cl 2 /MeOH/NH 4 OH, 192:7:1) 19.5, 27.8, 34.3, 34.4, 45.3, 48.0, 49.2, 53.5, 99.8, 113.8, 118.8, 121.0, 126.7, 127.1, 129.3, 131.2, 131.7, 133.0, 134.7, 135.6, 137.7, 138.7, 138.8, 141.4, 151.7 ; HRMS (ES+) calcd for [C 27 [N-(Thiophen-3-ylmethyl)-N-3-{(4-cyanophenyl)(3-methyl-3H-imidazol-4-ylmethyl)amino}propyl]-1-methyl-1H-imidazole-4-sulfonamide (2c). Primary alcohol 17 was coupled to secondary sulfonamide 19c on a 0.16 mmol scale via general procedure A. The crude residue was dry-loaded onto silica gel, then flash chromatographed (eluent CH 2 Cl 2 /MeOH/NH 4 OH, 192:7:1) 27.3, 34.3, 34.4, 45.4, 48.2, 49.3, 49.4, 99.8, 113.8, 118.9, 121.0, 125.1, 126.5, 127.5, 129.2, 133.1, 134.7, 137.7, 139.4, 139.4, 141.3, 151.8; HRMS (ES+) calcd for [C 24 [N-(N-tert-Butoxycarbonylpiperidin-4-ylmethyl)-N-3-{(4-cyanophenyl) (3-methyl-3H-imidazol-4-ylmethyl)amino}propyl]-1-methyl-1H-imidazole-4-sulfonamide (2d) . Primary alcohol 17 was coupled to secondary sulfonamide 19d on a 0.24 mmol scale via general procedure A. The crude residue was dry-loaded onto silica gel, then flash chromatographed (eluent CH 2 Cl 2 /MeOH/NH 4 OH, 192:7:1) 27.9, 28.7, 30.9, 34.2, 34.3, 36.5, 44.7 (br), 45.6, 48.9, 49.0, 56.3, 81.0, 100.0, 114.1, 119.0, 120.9, 126.5, 133.2, 134.8, 137.8, 139.3, 141.3, 151.9, 156.5 ; HRMS (ES+) calcd for [C 30 27.9, 30.9, 34.2, 34.3, 36.6, 45.2, 45.6, 49.1, 49.3, 56.3, 100.1, 110.6, 114.1, 119.0, 120.9, 126.5, 133.2, 134.8, 137.8, 139.3, 141.3, 151.9, 158.7, 160.7 ; HRMS (ES+) calcd for [C 29 H 31 N 10 O 2 S + H] 589.2822, found 589.2831; HPLC (I) t R ) 13.00 min (100%), (II) t R ) 20.28 min (99.69%) .
[N-Benzyl-N-{(4-cyanophenyl)(3-methyl-3H-imidazol-4-ylmethyl)amino}-2,2-dimethylethyl]-1-methyl-1H-imidazole-4-sulfonamide (3a). The synthesis was as per general procedure A with alcohol 27 on a 0.037 mmol scale and secondary sulfonamide 19a. The mixture was heated to 45°C for 18 h, reduced, and then dryloaded onto silica gel and purified by flash column chromatography (eluent CH 2 Cl 2 /MeOH/NH 4 OH, 192:7:1) 26.9, 31.8, 33.9, 47.1, 50.8, 59.3, 65.6, 99.3, 113.7, 120.0, 123.5, 126.7, 127.4, 127.7, 128.6, 129.0, 133.2, 138.4, 138.6, 139.4, 143.1, 151.6 ; HRMS (ES+) calcd for [C 28 [N-(2-Methylbenzyl)-N-{(4-cyanophenyl)(3-methyl-3H-imidazol-4-ylmethyl)amino}-2,2-dimethylethyl]-1-methyl-1H-imidazole-4-sulfonamide (3b). The synthesis was as per general procedure A with alcohol 27 on a 0.035 mmol scale and secondary sulfonamide 19b. The mixture was heated to 45°C for 18 h, then reduced, and dry-loaded onto silica gel and purified by flash column chromatography (eluent CH 2 Cl 2 /MeOH/NH 4 OH, 192:7:1) 6.65 (s, 1H, CH (Im) ), 6.72 (d, J ) 9.0 Hz, 2H, 2 CH (Ar)), 6H, 2 CH (Im) , 4 CH (Ar)), 7.45 (s, 1H, CH (Im) ), 7.60 (d, J ) 9.0 Hz, 2H, 2 CH (Ar)); δ C (125 MHz, CDCl 3 ) 18.9, 26.5, 31.6, 33.6, 47.0, 47.3, 58.9, 65.2, 99.2, 113.6, 119.7, 123.6, 125.8, 126.5, 126.6, 127.0, 128.8, 130.0, 133.0, 133.6, 136.8, 138.2, 138.7, 142.5, 151.4 ; HRMS (ES+) calcd for [C 28 [N-(Thiophen-3-ylmethyl)-N-{(4-cyanophenyl)(3-methyl-3H-imidazol-4-ylmethyl)amino}-2,2-dimethylethyl]-1-methyl-1H-imidazole-4-sulfonamide (3c). The synthesis was as per general procedure A with alcohol 27 on a 0.088 mmol scale and secondary sulfonamide 19c. The mixture was heated to 45°C for 18 h, reduced, and then dry-loaded onto silica gel and purified by flash column chromatography (eluent CH 2 Cl 2 /MeOH/NH 4 OH, 192:7:1) 26.9, 31.8, 33.9, 46.0, 46.9, 59.2, 65.3, 99.3, 113.7, 120.0, 122.9, 123.4, 126.0, 126.8, 128.1, 128.8, 133.2, 138.4, 138.5, 140.7, 143.2, 151.6 ; HRMS (ES+) calcd for [C 25 [N-(N-tert-Butoxycarbonylpiperidin-4-ylmethyl)-N-{(4-cyanophenyl)(3-methyl-3H-imidazol-4-ylmethyl)amino}-2,2-dimethylethyl]-1-methyl-1H-imidazole-4-sulfonamide (3d). The synthesis was as per general procedure A with alcohol 27 on a 0.217 mmol scale and secondary sulfonamide 19d. The mixture was heated to 45°C for 18 h, reduced, and then dry-loaded onto silica gel and purified by flash column chromatography (eluent CH 2 Cl 2 /MeOH/NH 4 OH, 192:7:1) 4, 27.3, 28.7, 29.9, 30.4, 32.1, 34.2, 38.3, 47.1, 52.5, 58.1, 64.8, 79.6, 100.0, 114.1, 120.1, 123.4, 129.4, 133.7, 138.5, 144.0, 152.1, 155.0, 171.4 ; HRMS (ES+) calcd for [C 31 [N-{N-(2-Pyrimidinyl)-piperidin-4-ylmethyl}-N-{(4-cyanophenyl)(3-methyl-3H-imidazol-4-ylmethyl)amino}-2,2-dimethylethyl]-1-methyl-1H-imidazole-4-sulfonamide (3e). The synthesis was as per general procedure A with alcohol 27 on a 0.037 mmol scale and secondary sulfonamide 19e. The mixture was heated to 45°C for 18 h, then dry-loaded onto silica gel and purified by flash column chromatography (eluent CH 2 Cl 2 /MeOH/NH 4 27.4, 30.3, 32.1, 34.2, 38.6, 44.2, 47.1, 52.6, 58.3, 64.8, 99.9, 109.6, 114.1, 120.2, 123.5, 129.1, 133.7, 138.5, 139.0, 143.9, 152.1, 157.9, 161.8, 162.7 ; HRMS (ES+) calcd for [C 30 H 38 N-(3-methyl-3H-imidazol-4-ylmethyl)acetamide (4a) .
Compound 32 was coupled to secondary sulfonamide 19a as per general procedure A on a 0.164 mmol scale. After workup, the crude residue was purified by silica gel flash column chromatography (eluent CH 2 Cl 2 /MeOH/NH 4 OH, 192:7:1) 7, 33.9, 41.5, 47.6, 51.6, 112.6, 117.6, 123.9, 126.1, 127.9, 128.5, 128.6, 129.3, 130.4, 133.6, 135.2, 138.9, 139.1, 140.1, 143.6, 167.1 ; HRMS (ES+) calcd for [C 25 28.4, 29.6, 31.9, 34.0, 35.3, 41.7, 43.5 (br), 50.2, 55.1, 79.5, 112.8, 117.6, 123.6, 126.1, 129.7, 130.4, 133.9, 138.8, 139.1, 140.0, 143.8, 154.6, 167.5 ; HRMS (ES+) calcd for [C 29 7, 34.9, 35.2, 40.9, 45.3, 53.8, 112.3, 117.7, 124.2, 126.5, 127.7, 128.3, 128.4, 129.3, 129.7, 130.2, 133.6, 136.8, 138.9, 139.7, 144.5, 169.7 ; HRMS (ES+) calcd for [C 26 (1.5 equiv) in DMF (0.1 M) on a 0.0986 mmol scale. After the mixture was stirred at room temperature for 36 h, byproduct began to form. So the reaction mixture was worked up and then the crude residue was purified by silica gel flash column chromatography (eluent CH 2 Cl 2 /MeOH/NH 4 OH, 192:7:1) 28.4, 29.7, 31.8, 33.9, 34.9, 35.1, 41.2, 43.4 (br), 46.0, 55.3, 79.4, 112.5, 117.7, 124.2, 126.5, 129.5, 130.3, 133.7, 138.7, 139.0, 139.5, 144.6, 154.7, 170.0; HRMS (ES+) calcd for [C 30 21.1, 28.4, 28.6, 31.6, 33.9, 41.6, 52.3, 61.2, 61.8, 98.8, 113.2, 120.3, 124.7, 127.0, 127.4, 127.9, 128.3, 128.4, 133.2, 136.7, 137.8, 138.9, 140.6, 151.4 ; HRMS (ES+) calcd for [C 28 18.8, 21.2, 28.6, 28.7, 31.6, 33.8, 41.7, 50.6, 61.5, 62.2, 98.8, 112.9, 120.3, 124.5, 125.5, 126.9, 127.1, 127.3, 128.4, 130.2, 133.4, 134.2, 135.7, 137.8, 138.7, 140.8, 151.5 ; HRMS (ES+) calcd for [C 29 H 33 N 7 The synthesis was as per general procedure B with 42 and thiophen-3-ylmethyl bromide (prepared by employing a standard bromination procedure of thiophen-3-ylmethanol with PPh 3 Br 2 ; the bromide darkened on standing at room temperature, but 1 H NMR of the material after 1 month suggested no decomposition had occurred) on a 0.121 mmol scale. The crude residue was purified by silica gel flash column chromatography (eluent CH 2 Cl 2 /MeOH/NH 4 OH, 192:7:1) 
